Numerical chromosome abnormalities occur in an estimated 10-25% of human conceptions; the bulk of these errors occur during female meiosis, and the incidence of errors increases exponentially with age [1] . Although the reason for the high rate of aneuploidy and the basis of the maternal age effect remain unknown, recent studies have demonstrated a link with altered patterns of meiotic recombination (for review, see [1] ).
It has been difficult to test this association in model organisms. No animal is known to have the high level of spontaneous nondisjunction observed in the human female [2] , and while targeting meiosis genes in mice has elucidated the control of meiosis (e.g., [3] ), most mutations result in meiotic arrest and/or infertility rather than an increase in nondisjunction [4] . However, in budding yeast the introduction of sequence divergence results in both reduced meiotic recombination and increased nondisjunction (e.g., [5] ). From these observations, it has been hypothesized that sequence divergence between homologs contributes to human aneuploidy [6] . Inter-specific crosses in mice provide some support for this idea: for example, female F1 progeny exhibit increased synaptic defects and reduced fertility [7] .
To characterize the meiotic effects of sequence divergence in mammals, we used an interspecific cross between C57BL/6 ('B6') and Mus spretus ('SPRET'), two inbred mouse strains with an estimated level of sequence divergence of ~1%. In initial experiments, we examined the chromosome constitution of meiosis II (MII)-arrested oocytes from (B6 X SPRET)F 1 hybrid females and inbred controls (see Supplemental data published with this article online). Typically, aneuploidy levels of ~0.5-1% are observed in oocytes from control mice [2] , and our results for the parental strains were consistent with this expectation (Table 1) . However, the F 1 hybrids were well outside this range. Nondisjunction in 4-week-old F 1 females was 10.1%, an order of magnitude higher than in controls (Table 1 ; χ2 = 10.1; p<0.01). This level is unprecedented in mice without mutations, and is within the range of aneuploidy estimated to occur in young human females (e.g., [8] ). Further, as females approached the end of their reproductive lifespan (8 to 11 months of age), there was an approximate doubling in aneuploidy rates for both control and F 1 animals ( Table 1 ). For the F 1 hybrids, this resulted in remarkably high aneuploidy levels (>20%), which were significantly elevated over the older parental animals ( Table 1 ; χ2 = 8.9; p<0.01) and non-significantly elevated over those of the younger F 1 animals.
In human oocytes, homologous chromosomes that fail to recombine or are joined by extremely proximal or distal crossovers are at an increased risk of nondisjunction (for review, see [9] ). To determine if the aneuploid gametes in F 1 females originated from similar alterations in recombination patterns, we analyzed the number and location of MLH1 foci in pachytene oocytes (these foci mark sites of exchange -see [9] ). The overall number of exchanges per oocyte was highly significantly decreased in the F 1 by comparison with parental strains (24.1+/-2.6 vs 26.6+/-3.2; t = 5.96, p<0.001; Figure S1 in Supplemental data), but we found no obvious differences in exchange positioning (i.e., no increases in distal or proximal exchanges). Further, the frequency of nonexchange homologs was only slightly elevated in the F 1 (Table S1 ). These observations argue against recombination per se as the source of the increased aneuploidy in the F 1 . However, there is an important caveat: we restricted our initial MLH1 analyses to pachytene cells with completely synapsed homologs. Thus, we excluded cells with synaptic defects which, consistent with previous reports [7] , were extremely common in the F 1 (Table S2 ). Subsequent analysis of these cells revealed a number of alterations in exchange patterns ( Figure S2 ). Most importantly, no fewer than 60% of cells (26/42) with one or more unpaired axial elements and/or large 'asynaptic' forks contained at least one nonexchange chromosome pair. If a proportion of these oocytes is able to complete oogenesis, oocytes from adult F 1 females should exhibit a high frequency of unpaired homologs. To test this prediction directly, we examined oocytes at diakinesis/metaphase I (MI), when chiasmata are cytologically visible. We found that 3/33 F 1 oocytes (9.1%), but only 1/114 (0.9%) C57BL/6J oocytes, contained unpaired homologs (Fisher's exact test; p<0.05). Nonexchange homologs are expected to segregate randomly at MI, yielding normal and aneuploid products in equal frequency. Thus, it seems likely that the increase in aneuploidy in F 1 oocytes derives, at least in part, from oocytes with synaptic defects.
Our observations indicate that sequence divergence between homologs perturbs the early stages of mouse meiosis, ultimately increasing nondisjunction at MI. If this interpretation is correct, F 1 oocytes are predisposed to nondisjunction by events that occur in the fetal ovary. This is reminiscent of the human 'two hit' model of nondisjunction, where the first hit occurs in the fetal ovary to generate chromosome pairs with susceptible exchange configurations and the second in the adult ovary, where age-related changes such as degradation of meiotic proteins (e.g., see [1] ) increase nondisjunction of these chromosomes. Recent studies of human fetal oocytes support the existence of a first hit [10] .
Our results suggest that we can replicate the first hit in the mouse by introducing sequence variation, that the first hit is translated into aneuploidy, and that age acts as an exacerbating factor.
There are caveats. First, we cannot be certain that the observed effects are attributable to sequence divergence rather than a genetic interaction between the C57BL/6J and SPRET/Ei backgrounds. However, levels of mitotic recombination in the mouse depend on the degree of homology between chromosomes, and MLH1-dependent mitotic recombination is severely suppressed in tissues of interspecific or intersubspecific hybrids, and mildly suppressed in hybrids between standard inbred strains [11, 12] . Further, in interspecific hybrid yeast, mutating mismatch repair genes ameliorates the severity of the meiotic phenotype, suggesting that a significant proportion of the reduced recombination and resultant aneuploidy occurs through the action of this system (e.g., [5] ). Thus, we think it likely that the errors in synapsis and recombination we observed are directly related to the diminished homology between chromosome pairs in the F 1 animals.
Second, we cannot be certain that our observations are directly applicable to humans. The level of sequence divergence in human populations is likely an order of magnitude lower than in our interspecific cross [13] . Thus, sequence divergence may be less important in the genesis of human aneuploidy than in the F 1 animals. Nevertheless, the abnormalities in synapsis and recombination in the F 1 females parallel those identified in human fetal oocytes and human trisomic conceptuses, suggesting that the underlying causes of nondisjunction are similar in both situations.
Despite these concerns, our observations provide compelling evidence that the mouse can be manipulated to yield levels of spontaneous nondisjunction comparable to human levels. This provides a powerful and tractable system for the investigation of meiotic nondisjunction in mammals, and for eventual characterization of the underlying molecular errors. An important first challenge will be the identification of the 'second hit', that is, the factor(s) that increases the likelihood of nondisjunction as females age.
